Acoustic larviciding (AL) occurs by exposing mosquito larvae to acoustic energy that ruptures their dorsal tracheal trunks (Dtts) by the expulsion of gas bubbles into the body. in studying this technique, we serendipitously identified undescribed anatomical and physiological respiratory features. The classical theory of respiration is that the siphon and Dtts play obligate roles in respiration. our results contradict the accepted theory that culicine larvae respire via atmospheric gas exchange. We identified an undescribed tracheal occlusion (to) at the posterior extremities the Dtts. the tos appear necessary for the acoustic rupture of Dtts; this constriction prevents the escape of energized gas from the siphon and allows the tracheal system to be pressurized. With a pressurized isolated tracheal system, metabolic gas exchange directly with the atmosphere is unlikely and could mostly occur through the chitin and setae. future studies are needed to explore respiration and elucidate the mechanisms of oxygen absorption and carbon dioxide elimination.
Morphological evaluation identified a previously unreported Tracheal Occlusion. We endeavored to explain how the tracheal system presented an elevated pressure, as the traditional understanding of mosquito larval tracheal systems suggests that the tracheal system is open to the environment via the siphon.
Our investigation revealed a previously undescribed Tracheal Occlusion (TO) located between the posterior end of the DTTs and the Felt Chambers (FC) that was evident under a light microscope at 4x magnification in third and fourth instar culicine larvae (Fig. 3 ). The persistence of the TO in maintaining its integrity through the treatment beyond the rupture of the DTTs walls indicates it is strong. Presence of the structure (Fig. 3d ) taken after treatment is supporting evidence. We also observed that after exposure, the gas remaining in the DTTs did not pass beyond the TO even when the perispicular lobes (PL) were partially open ( Fig. 4) .
We observed that this constriction did not change its circumferential dimensions when the mosquito was moving or with the opening or closing of the PLs (see Supplemental Video). We observed the DTTs lateral movements including folding into the FC but no opening of the occlusion. The DTTs chitinous construction continued to the tip of the occlusion with decreasing taenidia diameters to the point of occlusion (Fig. 3b ). In all thirty-seven specimens observed the TO totally restricted the release of hemolymph, tissue or gas from the siphon to the exterior. In several specimens (larvae, 5, 22, 24, 26, 27, 28, 32) , gas bubbles are found in the siphon but were stopped from movement beyond the TO ( Fig. 4 
, Supplement Data File).
A severed dorsal tracheal trunk at the tracheal occlusion-felt chamber transition demonstrates the importance of the tracheal occlusion for acoustic larviciding. We severed the siphons of five larvae at the TO-FC interface and exposed these larvae to acoustic energy. The five control specimens presented ruptured DTTs. The five severed specimens did not result in resonance-induced trauma, as no tissue damage or visible gas bubbles were observed in the hemocoel. We did observe slight movement when acoustic energy was applied but the not typical reaction from the control group. A video of a live specimen after exposure that showed no damage to the DTTs or gas bubbles in the abdomen is in the Supplemental Material.
Survival with an impaired, severed or isolated siphon is possible. As outlines for the previous experiments, the delivery of a sublethal dose of acoustic energy ruptured the DTTs while minimizing trauma to other tissues (i.e., the gut and exoskeleton). Mosquitoes exposed to this technique did not die instantly, and many of them survived for long periods of time despite severed DTTs. In our experiments, 31 4 th -instar C. pipiens were exposed to acoustic energy, and DTT damage was visually confirmed in each mosquito. Despite this damage, 11 of the larvae survived to pupation, which occurred 2-4 days after treatment. In a replicate experiment, 44, 4 th -instar C. pipiens larvae were treated, and 13 larvae pupated 2-8 d after exposure. Furthermore, DDT-damaged larvae exhibited the same behaviors as the control mosquitoes (i.e., swimming, feeding, and positioning in the water column). When these experiments were repeated on 23 third-instar Ae. aegypti larvae, 18 survived for 24 hours, and four larvae pupated. The remaining 14 larvae displayed arrested development with the longest-lived larva survived for 15 days with damaged DTTs (Fig. 5 ).
During additional sublethal exposure experiments, a few individuals who exhibited arrested larval development lived for exceptionally long periods of time (despite compromised DTTs). Supplement 2a shows a microscopic examination of C. pipiens larvae with pronounced damage to the DTT that survived for over 20 days in a cool environment with no supplemental nourishment.
Obstructing the siphon by applying paraffin to the PLs of C. pipiens and Ochlerotatus cantator (Supplement Fig. 2b ) still permitted survival in very shallow water. For larvae maintained in shallow water (<2.4 mm), this treatment had no observable impact on larval activity, other than the inability of the larvae to attach themselves to the surface of the water due to the paraffin. We observed bottom-feeding mosquito larvae assume a slight inclined angle when they feed. In this shallow water, their natural inclination maintained the siphon and ventral fan near the surface. Larvae maintained in water that was five cm deep were observed to be unsuccessful in attempts to attach to the water surface before moving to the bottom of the water column. C. pipiens exhibited decreased activity after 48 hours and death after 72 hours. The 12 control and treated Oc. cantator specimens survived over five This image shows the gas bubble liberated from the DTTs, suggesting that the occlusion is strong enough to prevent gas from exiting to the environment, and may be stronger than the DTTs themselves. Felt chamber labeled FC.
Scientific RepoRtS |
(2020) 10:2378 | https://doi.org/10.1038/s41598-020-59321-8
www.nature.com/scientificreports www.nature.com/scientificreports/ days. The deep-water control group exhibited normal bottom-feeding and surface-resting behaviors at expected intervals. In shallow water, the control mosquitoes constantly remained suspended from the surface while scavenging the bottom for food. Although the shallow-water treatment group did not suspend themselves from the surface, their normal inclination positioned the blocked siphon and ventral fan adjacent to the surface.
Discussion
Mosquitoes transmit a diverse range of pathogens 6-10 , and thus, an improved understanding of mosquito physiology and the development of novel control strategies are critically important. AL has afforded us new insights into mosquito larval respiration. The application of AL resulted in the expulsion of gas bubbles that originated from within the tracheal system. When the impinging acoustic frequency is equal to the resonant frequency of the gas within the tracheal system, that gas maximally absorbs acoustic energy and begins to pulsate in synchrony with the impinging frequency. As energy continues to be applied, the amplitude of the pulsation increases to the point of rupturing the DTTs. By adjusting the amplitude and pulse length of our acoustic signal, we observed the earliest manifestations resulting from AL, the severing of the DTTs, with minimal collateral tissue trauma. This www.nature.com/scientificreports www.nature.com/scientificreports/ novel technique allowed us to reveal several new aspects of the larval tracheal system. Our study has five major outcomes. First, we improved our understanding of the mosquito tracheal system, including the possible isolation of the tracheal system from the atmosphere. Second, we presented a potential mechanism for the maintenance of pressure during impingement, which damages the DTTs (as opposed to gas venting through the siphon). Third, we provided new insights into the morphology of the siphon (the identification of the TO). Fourth, we confirmed that the damage-inducing mechanism of action of AL is the acoustic resonance of the gas within the tracheal system. Finally, we observed that the siphon does not play an obligate role in respiration for the following reasons: The TO appears to isolate and maintain the tracheal system at an elevated pressure thus making it at best an inefficient port for the two-way exchange of metabolic gasses. Larvae with completely blocked spiracles or severed DTTs continued to live for long periods of time. After acoustic exposure we did not observe any hemolymph (liquid, solids or gasses) pass by the TO as would have been expected if the siphon was open to the atmosphere. Margaret L. Keister reported "… a survey of the literature (see Wigglesworth, '31) shows that there are numerous gaps and contradictions in our knowledge of insect tracheal systems" 11 . Our anatomical findings complement a recent revival of interest in mosquito respiratory physiology. However, some conflicts still exist [12] [13] [14] [15] [16] . Accordingly, it is important to define some terms used herein. The "FC" is identified by Keilin, Tate and Vincent as the terminal chamber between the spiracles and DTT 17 . An appreciation of the physiology of the DTTs is important in analyzing gas volumes. Regarding "active DTTs", during the development of a given instar between molts, the DTTs are comprised of a chitinous partially gas-filled trunk; the active DTTs are enclosed in the large and fluid-filled living-tissue trunks of the future-instar DTTs (Supplemental 1a). However, the composition of this fluid is unknown 18, 19 and needs further investigation. The active DTTs are withdrawn during molting.
While resting on the water surface with the five PLs extended, it appeared that mosquito larvae were in an ideal position to freely exchange metabolic gases, intake oxygen and expel carbon dioxide. Our results indicated that there was not an obligate need for this, and beyond the incidental cuticular exchange of gas with the atmosphere in the atrium, the direct exchange of tracheal gases with the atmosphere (breathing) is unlikely.
By comparing various anatomical and physical characteristics before and after acoustic exposure we identified the tracheal system to be at an elevated pressure. Mosquito larvae are nearly neutrally buoyant 20 . They are composed of solids, liquids and gasses. In order to maintain their buoyant condition, the volume proportions of the gas filled tracheal system to body volume must fall within a precise range. As reported by Ha, this percentage for Anopheles sinensis larvae was.34% 16 . The results of our observations and calculations using 37 A. aegypti samples was.33%. This is expected as most of the body is liquid therefore only a small percentage of body volume could be gas. We calculated that the mean post acoustic exposure proportion of gas bubbles to body volume is 2.02%. This represents and expansion of 5.9 times meaning the initial pressure in the tracheal system was high. The mean direct expansion of the gas bubble was 5.0 times that of as original tracheal size. The function of pressurization in the DTT is unknown, and its potential relationship with tracheal filling or emergence should be further studied. A pressurized tracheal system makes the inhalation of oxygen difficult if not impossible. The TO is quite strong because it involves acoustically induced pressure oscillations that exceed the ability of the DTTs to contain them. The dimensions of the TO between surface-resting or submerged larvae do not change, suggesting that the restriction prohibits the exhaust of carbon dioxide. Dissection to sever the siphon anterior to the FCs also rendered AL ineffective, indicating that the TO is a necessary structure for the success of AL.
The condition of total dependence on cuticular (and/or gill-or filament-supported) respiration in immature aquatic insects is common and present in many close relatives of mosquitoes. Culicinae are joined by seven other families in the infraorder Culicomorpha whose immatures all respire in total submergence 21 . The consideration that the siphon plays only a vestigial role in respiration is not without precedent. Corethra (also called midge and of the family Chaoboridae) were classified as mosquitoes until the early 1960s 22 ; today, they are considered taxonomically separate but are thought to share a common ancestor 21 . Corethra and mosquito larvae share common physiological traits, and many species look very much alike, including the presence of an apparent larval siphon [21] [22] [23] [24] [25] [26] . Krogh found that larvae of the genus Corethra appeared to respire through only the skin and concluded that this organism fills its air sacks with gas from a non-atmospheric source (i.e., tissues) 27 . He also noted that the DTTs did not contain air and that the connected bladders appeared to have no respiratory function. Mochlonyx spp. (also in Chaoboridae) possess a siphon (Supplemental 3) but do not come to the surface to breathe 25, 26, 28, 29 ; hence, the siphon is clearly not used for the exchange of atmospheric gases in this species. As noted by Förster and Woods, and Keister and Buck, filling of the tracheal system with gasses from an endogenous source has been observed in a variety of organisms 11, 18, 19 .
It has been previously reported that mosquito larvae can survive for long periods of time without access to the atmosphere, indicating that aquatic respiration is possible [30] [31] [32] [33] [34] [35] [36] . For example, Macfie (1917) demonstrated that submerged larvae (isolated from surface air) of certain mosquito species can live for 20 days if the aquatic medium is adequately aerated. Mosquito larvae are found in aquatic environments with variable levels of dissolved oxygen 32, [37] [38] [39] [40] and can survive in water with low levels of dissolved oxygen concentrations (e.g., 0.04 to 1.63 mg/L). However, we propose that previous reports on mosquito survivability in low dissolved oxygen concentrations failed to consider that the dissolved oxygen content at the surface of water is higher from that further down in the water column. Vacha and others noted that the concentration of dissolved oxygen at the air-water interface was enhanced 41, 42 .
Mosquito larvae in a surface-resting posture position their body, especially their ventral fan, in the stratum with the highest oxygen concentration while simultaneously conserving energy. This may be an important behavior in sourcing metabolic oxygen. Therefore, future investigations should focus on the role of the ventral fan in mosquito larval respiration. Our observations may question the commonly accepted mode of action (suffocation) of petroleum surfactants. According to the literature, the most rapid mode of action may be neurological disruption, not suffocation 30 . Suffocation normally takes a long time, which may be related to reduced surface oxygen concentrations or the direct impairment of cutaneous gas exchange [43] [44] [45] [46] [47] [48] [49] .
Our results show that the tracheal system is isolated and maintained at an elevated pressure, thus making the free exchange of metabolic gases with the environment unlikely. We report a previously undescribed TO that appeared to isolate the tracheal system and enabled acoustic energy to intensify and rupture the DTT. Our findings are not without precedence; as with other family members in the infraorder Culicomorpha, it is common for immatures to totally source metabolic oxygen from and expel waste gases directly into the water.
These findings appear to contradict the fundamental understanding of culicine larval respiration. Additional tests and research evaluating gas movements through the environment as well as within the animals needs to be done. With the new physical and physiological information from this study, possibly novel methods to control this deadly insect will be developed.
Materials and Methods
"Mosquitoes" and "sample preparation". Because of the fragile nature of the gas within larval mosquitoes, all the samples reported here were not subject to any artificial preparations, such as stains, or fixed with any gels or semisolids. All the specimens were either alive or had been recently exposed to acoustic energy. To accurately observe the dimensions, cover slides were not used to constrain the animals while the images were captured.
precision acoustic ablation of Dtts for gas analysis. To determine the source of the gas, characterize tracheal pressurization and observe longevity after exposure, a New Mountain SD-Mini acoustic amplifier was used to generate an acoustic signal for transmission in the water. To produce sound in the water, two ring piezoelectric transducers (under a water loudspeaker) (five-cm diameter) resonate at 24 kHz was used. To accommodate the full frequency spectrum of 18 to 30 kHz, the transducer was electrically matched with a transformer and inductors.
To determine the source of the gas and volume measurements, Ae. aegypti larvae were simultaneously hatched and reared at the Connecticut Agricultural Experiment Station; a group of 50 specimens of approximately equal size and length were selected from the hatched larvae. The volumes of the active DTTs prior to exposure to acoustic energy were determined by measuring the tracheal diameter at six points to determine the mean active DTT diameter in five specimens of identical size. The mean active DTT diameters for 2 nd instar larvae were 0.03 mm and 3 rd -4 th instar larvae were 0.04 mm. This method of determining the pre-exposure volume is accurate when combined with the post-exposure length, as length is not compromised during acoustic exposure since the rupture is always circumferential. Additionally, the postexposure measurements of the active DTT diameter did not differ from the pre-exposure measurements. The overall gas filled DTT length was measured in each individual, and the volume was calculated using the mean preexposure diameter of the DTTs.
An acoustic signal pulse length of 3 ms (23,000 cycles/sec × 0.003 s = 46 cycles per pulse) and an amplifier output of 35% were used for 3 rd -to 4 th -instars, while a pulse length of 2 ms (25,500 cycles/sec × 0.002 s = 51 cycles per pulse) was used for 2 nd -instar larvae. Larvae were placed 15 cm away and in line with the midpoint of the transducer. The precision acoustic source was immediately activated for one pulse length, and the larvae were immediately removed from the tank with a pipette and placed on a glass slide. Measurements were made using a Zeiss Discovery V12 Stereo Microscope with an Axiocam USB camera and associated AxioVision software V4.8 (Zeiss, Oberkochen, Germany) was used. The volume of the dorsal tracheal trunk was calculated as Π * * radius length 2 , with the assumption that the DTT was cylindrical. The volume of expanded gas was calculated as * Π * radius 3 4 3 . When there was more than one bubble, the volumes of all the bubbles were summed. Body displacement was calculated by measuring the diameter of the head and thorax, the length and diameter of the abdomen and siphon.
For all other anatomical observations, an OMAX 40 × -2000X compound trinocular biological microscope with a dark-field light source was used. Images (video and still) were captured with a three-megapixel USB camera, and Toupview software on a Windows 10 operating system.
Damming the siphon with paraffin. Third instar wild C. pipiens and Oc. cantator were collected locally in Old Lyme, Connecticut, from 55-gallon drums. The specimens were covered and constrained under a microscope slide to expose only the siphon. A drop of melted paraffin was adhered to the PL (Supplemental Image 2b). Care was taken not to cover any portion of the ventral brush (fan), anus, or any other setae. Four beakers were filled with water collected from the mosquitoes' natural habitats (two beakers filled to a depth of 2.4 mm and two filled to a depth of five cm). For C. pipens two replicates of three larvae and for Oc. cantator two replicates of four larvae were placed in each beaker and observed for activity or mortality every six hours. Mortality was determined using World Health Organization, "Guidelines for laboratory and field testing of mosquito larvicides" 50 .
Severing the siphon at the to fc interface. C. pipiens larvae from the same source were observed and dissected using 10x magnification and a surgical scalpel. The siphons of three 3 rd -instar larvae was cut anterior to the TO. The acoustic protocol exposed the specimens to the full spectrum of frequencies, ranging from 18 kHz to 30 kHz. The frequencies were applied in 500 Hz increments, with a pulse length of 400 cycles. post exposure longevity evaluation. At the University of Notre Dame, South Bend, Indiana, C. pipiens and Ae. aegypti were obtained from laboratory colonies and exposed to acoustic energy as described above. Individual post exposure larvae were removed with a pipette and examined for tracheal damage with a microscope. Damaged, living specimens were transferred to a water filled rearing tray for observation. The numbers of individuals of both species exhibiting immediate mortality (determined by WHO WHOPES guidelines 50 ) were noted. Specimens were observed every 12 hours for activity, molting and mortality.
